Introduction
============

Nanotechnology and the extended use of nanomaterials in nanomedicine is a rapidly developing field.[@b1-ijn-9-3481]--[@b3-ijn-9-3481] Nanomaterials are materials with one, two, or three dimensions in the nanoscale, while nanoparticles (NPs) are usually defined as systems for which all three dimensions are roughly 1 to 100 nm. In the field of nanomedicine, the acceptance of this definition extends to particles or nanotherapeutics with dimensions up to 1,000 nm. Since the initial development of therapeutic NPs, the field of nanotechnology has gained a lot of interest due to their huge potential for applications in industry and medicine. The primary goals of nanoparticulate systems in nanomedicine are to target specific tissues or cells, to deliver drugs in a controlled manner, thus lowering the necessary dose of chemotherapeutics for therapeutic efficacy together with decreasing the toxicity of the corresponding treatment to alleviate the side effects of chemotherapeutics. However, the biocompatibility of therapeutic NPs must be ensured and their intrinsic toxicity must be controlled so that it does not overtake the benefits of decreasing the toxicity of the drugs or treatments. Therefore, a deep understanding of their interactions with living tissues and knowledge of their possible effects in the human body are necessary for the safe use of nanoparticulate formulations. However, the knowledge about the possible interactions of engineered therapeutic NPs with living cells and tissues and their metabolic fate presently are not complete or well-defined.

After ingestion or intravenous injection, therapeutic NPs may reach the lower digestive tract. The effects of the interaction of NPs, in particular of metal-based solid-core NPs, with the colon epithelia, the potential toxicity profile of NPs, and the evaluation of the effects of NPs' exposure on the functional response of colon cells are currently limited. It is generally accepted that not only the size, but also the chemical composition, surface chemistry, charge, and shape are relevant for considering the behavior of NPs in the biological environment.

Ultrasmall superparamagnetic iron oxide (USPIO) NPs were initially developed as therapeutic and diagnostic agents in nanomedicine for magnetic resonance imaging, for perfusion imaging, and for angiography and tumor vascular imaging. Their uses have been recently extended to new applications.[@b4-ijn-9-3481]--[@b7-ijn-9-3481] We have previously shown that USPIO NPs are taken up by human cells, even when functionalized with a fluorophore[@b8-ijn-9-3481],[@b9-ijn-9-3481] or with therapeutic anticancer agents,[@b10-ijn-9-3481],[@b11-ijn-9-3481] but that the biochemical characteristics of the surface functionalization of the NPs were important for their cellular trafficking and the reaction of the cells to their uptake. In particular, we had observed that the intracellular localization of cationic USPIO NPs functionalized with hydrophilic or hydrophobic drugs was dependent on the lipophilicity of the drugs.[@b10-ijn-9-3481],[@b11-ijn-9-3481] We have also previously shown that monolayers and spheroids of human colon cells can internalize cationic USPIO NPs, but cannot release or transport them across models of the human colon epithelial barrier.[@b12-ijn-9-3481] In the present study, in order to further evaluate the effects of the biophysical characteritics of USPIO NPs in human colon cells, we compared the reaction of human HT29 and CaCo~2~ colon epithelial cells to deeply characterized non-stabilized (bare) and oleic-acid-stabilized USPIO NPs, demonstrating that the main colon cell stress response was the induction of high amounts of large lipid vacuoles dependent on the oleic acid stabilizer of the USPIO NPs, but not on free oleic acid or the iron oxide core.

Materials and methods
=====================

NPs
---

Non-stabilized USPIO NPs (Fe~3~O~4~; NS-USPIO NPs) were purchased from PlasmaChem (PlasmaChem GmbH, Adlershof, Germany) as a \~3% nanosuspension in water with a nominal NP size of 8±3 nm (as determined by dynamic light scattering \[DLS\], value provided by the provider) and 18 mg iron/mL by quantitative Prussian Blue reaction. Oleic-acid-stabilized USPIO NPs (Fe~3~O~4~, 3% oleic acid coating; OA-USPIO NPs) were obtained from PlasmaChem as a \~7% nanosuspension in water with a nominal particle iron oxide core size of 8±3 nm, a hydrodynamic size of 14--15 nm (both values determined by DLS by the provider), and 206 mg iron/mL by quantitative Prussian Blue reaction.

Physicochemical characterization of the USPIO NPs
-------------------------------------------------

The nominal size of both USPIO-NPs was measured by transmission electron microscopy (TEM) using as-received material and Holey carbon 300 mesh copper grids (Polysciences, Warrington, PA, USA) to confirm the supplier data provided. NP properties and stability characteristics were assessed at Trinity College Dublin; NPs were placed in ultrapure deionized water for 24 hours, then the NPs were incubated in 10% heat-inactivated fetal calf serum (FCS) in phosphate-buffered saline (PBS), in Dulbecco's Modified Eagle's Medium (DMEM) culture medium, in DMEM containing 10% FCS, or in cell culture medium preconditioned for 72 hours by the CaCo~2~ and HT29 cells (CaCo~2~-CM and HT29-CM). Stock solutions of NS-USPIO NPs and OA-USPIO NPs were vortexed for 5 seconds to disperse the particles evenly and then diluted in the relevant solutions. NS-USPIO NP and OA-USPIO NP characterization was carried out for the identification of nominal and hydrodynamic radii, zeta potentials, colloidal and aggregation stabilities by DLS (Malvern Zetasizer; Malvern Instruments, Malvern, UK), and NP tracking analysis (NTA; Nanosight NS500; Malvern Instruments) of the two NPs dispersed in the different biological matrices after vortexing for 5 seconds. Three USPIO NP concentrations were used (eg, 25, 50, and 100 μg/mL). All measurements were carried out three times at physiologically relevant pH (pH =7) and averages and standard deviations (SDs) are reported. For both techniques, hydrodynamic radius and polydispersity index (PDI) were measured at room temperature using single depth position, recording six videos of 90 seconds each. Quality assurance over the measurements carried out was guaranteed by the adoption of Quality Nano (QNano, FP7 project) standard operating procedures, which have been developed as part of large inter-laboratory comparative study focused on NP physicochemical characterization.[@b13-ijn-9-3481]

Cell models and culture conditions
----------------------------------

Human HT29 and CaCo~2~ colon cancer cells were obtained from the American Tissue Culture Collection (Manassas, VA, USA). Cells were grown in DMEM containing 4.5 g/L glucose, 10% heat-inactivated FCS, and penicillin/streptomycin (all cell culture reagents from Invitrogen; Thermo Fisher Scientific, Waltham, MA, USA). To obtain cell-conditioned medium (cell-CM), HT29 and CaCo~2~ cells were grown to 75% confluence, the medium was changed to fresh complete medium and cell-CM was harvested after 3 days, centrifuged, and stored in aliquots at −20°C.

Cell uptake of USPIO NPs
------------------------

Cells were grown in 48-well plates (Costar; Corning Incorporated, Corning, NY, USA) until 75% confluent, and exposed to NPs diluted in DMEM with 10% FCS without phenol red (Invitrogen) for 24 hours at the concentrations and for the time indicated. Cell-associated iron was quantified using the Prussian Blue reaction essentially as previously described.[@b12-ijn-9-3481] Briefly, the cell layers were dissolved at room temperature for 1 hour in 6 M HCl (125 μL/well), then 125 μL of a 5% weight/volume (w/v) solution of K~4~\[Fe(CN)~6~\]·3H~2~O (EMD Millipore, Billerica, MA, USA) in water was added for 10 minutes and the absorbance was read at 690 nm in a multi-well plate reader (iEMS Reader; Labsystems, BioConcept Ltd., Allschwil, Switzerland). A standard curve of iron chloride in 6 M HCl treated under the same conditions was used to quantify the amount of cell-bound iron. All experiments were performed in triplicate wells, and repeated twice. Means ± SDs were calculated.

Determination of cytotoxicity
-----------------------------

Cells were exposed to the NPs or to oleic acid (EMD Millipore) at the concentrations and for the time indicated. Following exposure, cell viability was evaluated using the 3-(4,5-dimethyl-2-thiazoyl)-2,5-diphenyltetrazolium bromide (MTT) assay (200 μg/mL final concentration; Sigma-Aldrich Co., St Louis, MO, USA), essentially as previously described.[@b12-ijn-9-3481] Absorbance at 540 nm was measured in a multi-well plate reader (iEMS Reader; BioConcept Ltd.), and the absorbance values of treated cells were compared with the absorbance values of untreated cells. The interference of the NPs with the assay was controlled as described in more detail elsewhere and no interference was observed in the conditions of our assay.[@b14-ijn-9-3481] Experiments were conducted in triplicate wells and repeated twice. Means ± SDs were calculated. Statistical significance was ascertained using a Student's *t*-test.

Histochemical determinationof iron and lipids
---------------------------------------------

For histological iron determination, after exposure to USPIO NPs or to oleic acid, the cell layers were washed with saline and incubated for 20 minutes at room temperature with a 1:1 solution of 10% HCl and 10% K~4~\[Fe(CN)~6~\]·3H~2~O in H~2~O, washed with distilled water, counterstained with Nuclear Fast Red (EMD Millipore), dehydrated in graded ethanol to xylol, and mounted. Slides were photographed under a Nikon digital camera (DXM 1200; Nikon Corporation, Tokyo, Japan). For histological lipid determination, after exposure to the NPs or to oleic acid, the cell layers were washed with PBS, fixed in 4% buffered formaldehyde at 4°C for 30 minutes and the histological Prussian Blue reaction was performed first, washed once with distilled water, then stained with Oil-O-Red (saturated solution in isopropanol, diluted 3:2 in distilled water; EMD Millipore), counterstained with hematoxylin (Sigma-Aldrich Co.) and mounted in Pertex (Leica Biosystems, Wetzlar, Germany). Slides were photographed under a Nikon digital camera (DXM 1200; Nikon Corporation).

TEM for cell imaging
--------------------

Cells were grown in 9 cm diameter Petri dishes (Becton, Dickinson and Company, Franklin Lakes, NJ, USA) and exposed to the NPs or oleic acid for the appropriate times. Cells were washed twice with PBS, fixed in 2% glutaraldehyde buffered in 0.1 M cacodylate for 1 hour at 4°C, then washed in 0.2 M cacodylate at 4°C (three times for 10 minutes), gently scraped in 0.2 M cacodylate and harvested by centrifugation (5 minutes at 1,000 rpm). The pellets were coated with agarose (type III low gelling temperature; Sigma-Aldrich Co.) and cut in small pieces. The samples were postfixed in 1%--2% buffered osmium tetroxide for 1 hour at room temperature, washed in 0.2 M cacodylate (twice for 5 minutes), dehydrated in graded ethanol (twice for 10 minutes in 70% ethanol, twice for 10 minutes in 90% ethanol, and three times for 20 minutes in 100% ethanol), dehydrated again in propylene oxide (twice for 30 minutes), embedded in equal volumes of propylene oxide and Epon (50% Epon 812 substitute, 26% dodecenylsuccinic anhydride, 23% methyl nadic anhydride, 1% 2,4,6-tris\[dimethylaminomethyl\]phenol); all dilutions w/v, all chemicals from Fluka; Sigma-Aldrich Co.) for 1 hour, and then embedded for 16 hours in Epon. Specimens were embedded in Epon blocks that were cured for 48 hours at 60°C, and then trimmed and cut into 100 nm sections and mounted on slides for post-visualization by methylene blue/azure blue staining. Thin sections (50 nm) were cut from the cured blocks using an ultramicrotome (Ultracut E; Reichert-Jung Optische Werke AG, Wien, Austria) and mounted on 3 mm 200-mesh copper grids. Grids were heavy-metal stained using a standard two-step uranyl acetate/lead citrate technique (Leica EM Stain; Leica Microsystems, Wetzlar, Germany) and then examined and photographed at 80 kV with a Philips CM12 transmission electron microscope (Philips International B.V., Amsterdam, the Netherlands) combined with a MegaView III, Soft Imaging System (Gloor Instruments AG, Kloten, Switzerland). The quantification of the number per cell and diameter of the lipid vacuoles were determined on TEM images obtained at 2 μm resolution of single cells without prior selection (n\>20 per treatment) using the ImageJ software (imagej.net; National Institutes of Health, Bethesda, Maryland, USA) and were then represented in boxplot figures. Normality of the data was tested using the Shapiro--Wilk test, and statistical significance was ascertained using the Wilcoxon--Mann--Whitney test.

Acetate incorporation
---------------------

Radioactive acetate incorporation was performed according to the protocol published by Beckers et al.[@b15-ijn-9-3481] The cells were seeded and grown in 6-well plates (Costar; Corning Incorporated) for 48 hours, then exposed to the NPs or to oleic acid for 24 hours. Six hours prior to the end of the treatment, etomoxir (10 μg/mL, an inhibitor of fatty acid oxidation; Sigma-Aldrich Co.) and \[^14^C\]sodium acetate (10 nCi/mL final concentration; American Radiolabeled Chemicals, Inc., St Louis, MO, USA) were added to the cells for 24 hours. The cell layers were precipitated with 10% trichloroacetic acid, then dissolved in 0.1% sodium dodecyl sulfate in 0.1 N NaOH and 4.5 mL scintillation cocktail (Optiphase HI-Safe; PerkinElmer Inc., Waltham, MA, USA). Radioactivity was counted in a β-counter (WinSpectra, Wallac, Finland). The radioactivity counts of treated cells were compared to the radioactivity counts of untreated cells. Cellular protein concentration was determined using the bicinchoninic acid protein assay, according to the provider's instructions (Pierce BCA Protein Assay Kit; Thermo Fisher Scientific) using bovine serum albumin (BSA) as the standard. Measurements were performed in triplicate and repeated three times. Means ± SDs were calculated. Statistical significance was ascertained using a Student's *t*-test.

Western blotting experiments
----------------------------

Cells were grown in 9 cm diameter Petri dishes (Becton, Dickinson and Company) and exposed to the NPs or oleic acid for the appropriate times. Following treatments, the cell layers were washed once with cold PBS and lysed in 250 μL of lysis solution (17.6 mM Tris--HCl, 120.56 mM NaCl, 8.8% volume/volume glycerol, 0.88% volume/volume NP40, 0.88% w/v CHAPS, 2 mM vanadate, 50 mM NaF, pH 7.85) and 10 μL of proteinase inhibitor cocktail (Sigma-Aldrich Co.), and extracted by four cycles of freeze/thawing. Supernatants were submitted to sodium dodecylsulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto a nitrocellulose membrane (Whatman; GE Healthcare Europe GmbH, Freiburg, Germany). The membranes were blocked with 5% fat-free milk in PBS, 5% BSA in PBS, washed in 0.05% Tween-20 (Sigma-Aldrich Co.) in PBS, and incubated overnight at 4°C with the primary antibodies diluted in 1% fat-free milk or 1% BSA in 0.05% Tween-20 in PBS. Membranes were then exposed for 1 hour at room temperature to peroxidase-conjugated secondary antibodies and visualized using chemoluminescence (ECL; GE Healthcare UK Ltd, Little Chalfont, UK). The primary and secondary antibodies, buffers, and dilutions used are summarized in Supplementary material, [Table S1](#SD1-ijn-9-3481){ref-type="supplementary-material"}. To control for loading, the membranes were stripped by successive incubation in 0.1 M glycine pH 2.3, 1 M NaCl in PBS, and 0.05% Tween 20 in PBS, blocked for 1 hour with 5% fat-free milk in PBS, and exposed to a polyclonal anti-human β-actin rabbit antibody (diluted 1:5,000; Sigma-Aldrich Co.) for 1 hour at room temperature and treated as washed and visualized. For densitometric analysis, the protein band areas were evaluated using ImageJ software (imagej. net; National Institutes of Health), then the ratio of the band area of each protein to the area of the actin band was determined.

Glutathione-S-transferase (GST) activity
----------------------------------------

The activity of GST in cell extracts was determined using 1-chloro-2,4-dinitrobenzene (CDNB) and glutathione (GSH) as previously described.[@b16-ijn-9-3481] Briefly, cells were grown for 24 hours in 9 cm diameter Petri dishes (Becton, Dickinson and Company) and exposed to the NPs or oleic acid for 72 hours. Then, the cell layers were scraped in cold pH 6.5 PBS, extracted by 4 cycles of freezing/thawing, and centrifuged at 10,000 rpm at 4°C for 10 minutes and the supernatants were collected. The GST activity in the supernatants was determined by measuring the increase in absorbance at 340 nm in a multi-well plate reader (iEMS Reader; BioConcept Ltd.) for 30 minutes at 37°C after addition of CDNB and GSH (1 mM final concentrations; Sigma-Aldrich Co.). GST activity was expressed as nM CDNB--GSH conjugates/minute/mg protein. The values of enzymatic activities of treated cells were compared with enzymatic activities of untreated cells. Measurements were performed in triplicate and repeated three times. Means ± SDs were calculated. Statistical significance was ascertained using a Student's *t*-test.

Staining of cellular actin with fluorescent phalloidin
------------------------------------------------------

Cells were grown for 48 hours in 4-chamber glass slides (Becton, Dickinson and Company) and exposed to the NPs or oleic acid for 24 hours. At the end of the treatment, the cell layers were washed in PBS, fixed in 4% buffered formaldehyde, washed with PBS, permeabilized for 5 minutes in 0.1% Triton X-100 in PBS, and washed. Then, 200 μL of a 1% BSA (Sigma-Aldrich Co.) and 2.5% Oregon Green 488 Phalloidin (6.6 μM stock solution in methanol; Thermo Fisher Scientific) solution in PBS were added. After 20 minutes incubation at room temperature, the cell layers were washed with PBS and 2 mL of 1 μg/mL 4′,6′-diamidino-2-phenylindole (DAPI) (Hoffman-La Roche Ltd., Basel, Switzerland) in PBS was added for 20 minutes. Slides were washed with PBS and mounted in 20% glycerol in PBS. Fluorescence images were taken with a Zeiss Axioplan 2 Imaging microscope (Carl Zeiss Meditec AG, Jena, Germany) at 400× magnification and λ~ex~/λ~em~ =365/420 nm (DAPI) or λ~ex~/λ~em~ =450--490/515--565 nm (Oregon Green 488 Phalloidin).

Results
=======

Characterization of the NS-USPIO NPs and OA-USPIO NPs
-----------------------------------------------------

The determination of the nominal size of NS-USPIO NPs and OA-USPIO NPs was assessed using TEM to confirm data provided by the supplier. TEM images ([Figure 1](#f1-ijn-9-3481){ref-type="fig"}) highlighted the spherical shape of the particles, their crystalline structures and wide size distribution, and tendency to aggregate under TEM conditions for both samples. No major differences were evident between the NS-USPIO NPs and OA-USPIO NPs from TEM analysis. The average diameter size for both USPIO NPs was measured to be 9.3±3.5 nm. Higher magnification TEM images also confirmed that the particles were synthesized by physical vapor deposition due to the organized crystalline structure. NS-USPIO NP and OA-USPIO NP characterization was carried out using either DLS to measure NS-USPIO NPs' and OA-USPIO NPs' nominal and hydrodynamic particle size, zeta potential, PDI, and mobility, or NTA (Nanosight NS500; Malvern Instruments) to measure particle size, PDI, and colloidal and aggregation stabilities at physiologically relevant conditions ([Table 1](#t1-ijn-9-3481){ref-type="table"}, [Table 2](#t2-ijn-9-3481){ref-type="table"}, [Table S2](#SD2-ijn-9-3481){ref-type="supplementary-material"}, [Table S3](#SD3-ijn-9-3481){ref-type="supplementary-material"}, and [Figure 2](#f2-ijn-9-3481){ref-type="fig"}). The NPs were analyzed first in water, then after incubation for 24 hours into relevant biological matrixes: 10% FCS in PBS (FCS), DMEM culture medium (DMEM), DMEM culture medium containing 10% FCS (DMEM + FCS) ([Table 1](#t1-ijn-9-3481){ref-type="table"} and [Figure 2](#f2-ijn-9-3481){ref-type="fig"}), or culture medium preconditioned for 72 hours by the CaCo~2~ and HT29 cells (HT29-CM and CaCo~2~-CM) ([Table 2](#t2-ijn-9-3481){ref-type="table"} and [Figure 2](#f2-ijn-9-3481){ref-type="fig"}). Results were consistent between both DLS and NTA, and between the three NP concentrations analyzed; thus, only NTA results at a NP concentration of 50 μg/mL are shown in [Figure 2](#f2-ijn-9-3481){ref-type="fig"}. From the analysis of the results obtained, it is interesting to point out the differences and similarities of aggregation behavior, stability, and PDI of the NS-USPIO NPs and OA-USPIO NPs between the different solutions used in this work. The USPIO NPs response was highly dispersion-medium-dependent. OA-USPIO NPs displayed a narrower size distribution in water and FCS than NS-USPIO NPs, whereas NS-USPIO NPs showed less aggregation in DMEM + FCS than OA-USPIO NPs. In both HT29-CM and CaCo~2~-CM, OA-USPIO NPs showed less aggregation than USPIO NPs, but aggregation recovery after incubation. Thus, after 24 hours incubation in the cell culture medium conditioned by the CaCo~2~ and HT29 cells, both USPIO NPs were undergoing a stabilization response as shown by the values reported in [Table 2](#t2-ijn-9-3481){ref-type="table"} and also shown by the NTA batch analysis particle size plots reported in [Figure 2](#f2-ijn-9-3481){ref-type="fig"}. The zeta potentials of both USPIO NPs could not be determined in the biological matrices, since the NPs agglomerate. The zeta potentials are provided only for the nanosized NPs contained in the agglomerates in [Table S2A](#SD2-ijn-9-3481){ref-type="supplementary-material"} and [Table S2B](#SD2-ijn-9-3481){ref-type="supplementary-material"}; these values are in parentheses to underline this uncertainty.

Uptake and cytotoxicity of the NS-USPIO NPs and OA-USPIO NPs
------------------------------------------------------------

In cells exposed to NS-USPIO NPs, the NPs were mostly cell-associated after 24 hours of exposure ([Figure 3A](#f3-ijn-9-3481){ref-type="fig"}) as determined by the quantitative Prussian Blue reaction of iron, whereas the level of cell-associated iron was much lower in cells exposed to OA-USPIO NPs, close to the detection limit of the Prussian Blue reaction, but still detectable ([Figure 3B](#f3-ijn-9-3481){ref-type="fig"}). None of the USPIO NPs were cytotoxic for the colon cells ([Figure 4A](#f4-ijn-9-3481){ref-type="fig"}). The cytotoxicity of oleic acid for the human colon cells was also evaluated. In a 50 μg iron/mL OA-USPIO NPs solution, the concentration of oleic acid was 23 μM, which represents the maximal oleic acid concentration achieved in our experiments; thus, we evaluated the cytotoxicity of multiples of this initial concentration. While a ten-fold-concentration of oleic acid had no effect on the viability of the human colon cells, only the 100- and 1,000-fold-concentrations dramatically decreased cell survival ([Figure 4B](#f4-ijn-9-3481){ref-type="fig"}). Ethanol, the solvent of oleic acid, at the highest concentration achieved in our experiments, had no effect on cell survival. Thus, neither the oleic acid stabilizer of the OA-USPIO NPs nor the two USPIO NPs were cytotoxic for the cells.

Cell stress responses to exposure to the NS-USPIO NPs and OA-USPIO NPs
----------------------------------------------------------------------

Upon exposure of the human colon cells to NS-USPIO NPs, OA-USPIO NPs, or free oleic acid for 24 hours, no effects were observed on the localization and expression of actin cytoskeleton in both colon cells as determined by histological staining with fluorescent phalloidin ([Figure 5](#f5-ijn-9-3481){ref-type="fig"}, CaCo~2~ cells, results not shown for HT29 cells). The expression of proteins involved in other cellular responses was assessed using Western blotting experiments ([Figure 6A](#f6-ijn-9-3481){ref-type="fig"} and [Figure 6B](#f6-ijn-9-3481){ref-type="fig"}).

The expression and/or activation state of markers of apoptosis (cleaved poly \[ADP-ribose\] polymerase \[PARP\]), double-strand DNA damage (phosphorylated histone H2AX \[γH2AX\]), oxidative stress (the GST-π), as well as the enzymatic activity of GST (results not shown), or hypoxia (hypoxia-inducible factor 1-α \[HIF-1α\]) were not affected by the exposure of colon cells to NS-USPIO NPs, OA-USPIO NPs, or free oleic acid. A weak increase of the expression of the lysosomal protease procathepsin D and cathepsin D was observed in CaCo~2~ cells treated with NS-USPIO NPs, and a clear increase in the expression of the autophagic marker LC3I/II was shown in CaCo~2~ cells exposed to both NS-USPIO NPs and OA-USPIO NPs, but not in cells exposed to free oleic acid. The transferrin receptor-1/CD71, an iron transporter regulated by intracellular iron, was only expressed by HT29 cells and its expression slightly decreased when the cells were exposed to NS-USPIO NPs, which are internalized at high levels by the cells. Of the three heat shock protein (HSP) chaperones evaluated, only the expression of HSP90 significantly increased in CaCo~2~ cells, but not in HT29 cells, exposed to NS-USPIO NPs and increased at an even higher level in those cells exposed to OA-USPIO NPs. Thus cell-selective and NP-selective effects of USPIO NPs in the lysosomal, iron transport, and autophagic responses of colon cells, and a stress response mediated by the chaperone HSP90 were demonstrated.

OA-USPIO-NPs-induced formationof lipid vacuoles by colon cells
--------------------------------------------------------------

Then we evaluated the effect of oleic acid, either free or USPIO-NPs-associated, on the metabolism and handling of lipids in the human colon cells. Both NS-USPIO NPs and OA-USPIO NPs, but not free oleic acid, decreased the incorporation of acetate in CaCo~2~ cells, but not in HT29 cells ([Figure 7](#f7-ijn-9-3481){ref-type="fig"}). OA-USPIO NPs decreased acetate incorporation significantly more than NS-USPIO NPs, suggesting a selective interference with lipid metabolism in these cells. Therefore, we examined the effects of NS-USPIO NPs, OA-USPIO NPs, and free oleic acid on the aspect of cells when examined under light microscopy ([Figure 8](#f8-ijn-9-3481){ref-type="fig"}). In cells exposed to NS-USPIO NPs, high amounts of the iron oxide cores of NPs could be seen inside cells in the TEM images ([Figure 8](#f8-ijn-9-3481){ref-type="fig"}, black arrows), while only low amounts of the iron oxide cores could be detected by TEM in cells exposed to OA-USPIO NPs, which are internalized at much lower levels than NS-USPIO NPs. However, TEM images demonstrated the presence of a high amount of vacuoles in cells exposed to OA-USPIO NPs, and of a much lower amount of vacuoles in cells exposed to free oleic acid ([Figure 8](#f8-ijn-9-3481){ref-type="fig"}, white arrows). The lipidic nature of these vacuoles was demonstrated by histological staining with Oil-Red-O, a fat-soluble red-colored dye which allows visualizing and evaluating lipids in cells ([Figure 9](#f9-ijn-9-3481){ref-type="fig"}). In cells exposed to OA-USPIO NPs, many red-colored vacuoles were observed, while in cells exposed to an equimolar concentration of free oleic acid achieved in OA-USPIO NPs, only rare lipid vacuoles were observed. Thus, the Oil-Red-O histological staining strongly supported a lipidic nature for the vacuoles observed in TEM images. Thus the OA-USPIO NPs, despite their poor cellular uptake, were inducing a cell reaction suggesting an effect of the oleic acid stabilizer in the cell metabolism.

As shown by TEM, the appearance of the lipid in cells exposed to OA-USPIO NPs was time-dependent ([Figure 10A](#f10-ijn-9-3481){ref-type="fig"}, white arrows). In order to validate the TEM observations, the diameter and the number of lipid droplets/vacuoles per cell were determined on TEM images of at least 20 different cells per treatment randomly selected from cultures of HT29 and CaCo~2~ cells exposed to OA-USPIO NPs or free oleic acid, after 6 hours and 24 hours of cell exposure ([Figure 10B](#f10-ijn-9-3481){ref-type="fig"}). In both colon cancer cell lines, the number and the diameter of the vacuoles significantly increased after exposure to OA-USPIO NPs in comparison to cells exposed to free oleic acid or in control cells.

Discussion
==========

Magnetic USPIO NPs are in clinical use or under evaluation as diagnostic, therapeutic, and theranostic agents, which include contrast agents for magnetic resonance imaging, targeted drug delivery, cell sorting and tracking, or hyperthermia. With these expanding applications, the potential toxicity/cytotoxicity of magnetic NPs is of concern and is under experimental evaluation. Therefore, in the present manuscript we compared the responses of two human colon epithelial cancer cells (HT29 and CaCo~2~ cells) to exposure to two USPIO NPs with the same core nominal size and morphology, but either NS-USPIO NPs or OA-USPIO NPs, as well as the free oleic acid which was used as the stabilizing acid of the USPIO NPs.

First, the two USPIO NPs were characterized in detail for their biophysical characteristics in several relevant biomedical cell culture media, including cell culture media unconditioned or preconditioned by the cells studied (HT29-CM or CaCo~2~-CM). The determination by TEM of the shape, size distribution, and average diameter of the iron oxide core were similar for both USPIO NPs. The detailed physicochemical properties of NS-USPIO NPs and OA-USPIO NPs were also assessed using DLS and NTA in the different biological media. The incremental characterization from water to FCS, to DMEM only, then to DMEM + FCS, and finally to cell-CM was carried out to systematically dissect each single aspect of the NP suspension in biological media to understand how the components making the media induced aggregation. The physicochemical characterization of the NS-USPIO NPs showed very different behavior than that of the OA-USPIO NPs. OA-USPIO NPs displayed a narrower size distribution in water and FCS than NS-USPIO NPs. In the presence of FCS, NS-USPIO NPs were initially highly aggregating but tended to better stabilize, showing less aggregation in DMEM + FCS over the long-term than OA-USPIO NPs. In both HT29-CM and CaCo~2~-CM, OA-USPIO NPs showed less aggregation than NS-USPIO NPs, but aggregation recovery after incubation in the cell-CM. The surface characteristics, size, agglomeration state, and chemical composition are important factors to be considered for the reaction of cells to the stress of being exposed to NPs. Thus, after incubation in the cell culture medium conditioned by the CaCo~2~ and HT29 cells, OA-USPIO NPs underwent a stabilization response, suggesting a different mechanical interaction between the particles and the cells in their culture medium. Different surface properties of NPs attract specific molecules from the surrounding medium, especially proteins, thus forming different protein corona.[@b17-ijn-9-3481] Thus, we can hypothesize that the protein corona of USPIO NPs in cell-CM is responsible for their improved dispersibility.

The factors to be considered for the reaction of cells to the stress of being exposed to NPs are multiple. The state of aggregation/agglomeration of NPs is an important feature that influences the cell responses to NPs. For example, cytotoxicity and genotoxicity of TiO~2~ NPs were dependent on the state of the NPs aggregation.[@b18-ijn-9-3481] Unstabilized NPs tend to agglomerate, while stabilized NPs are more dispersed.[@b19-ijn-9-3481] Also, the chemical composition of the surface coating of the NPs is another relevant factor. The coating surface of silver NPs determined cytotoxicity.[@b20-ijn-9-3481] For example, the oleate coating of nickel ferrite NPs decreased cell viability compared with uncoated NPs.[@b21-ijn-9-3481] Oleate-coated ZnO NPs induced micronuclei, whereas uncoated ZnO NPs were not genotoxic.[@b22-ijn-9-3481] Here, we showed that the state of USPIO NPs agglomeration was important for their uptake by the human colon cells but not for their cytotoxicity for the cells. However, the size of the NPs is not the only reason for the low uptake of OA-USPIO NPs; the negative charges at their surface can be hypothesized to be also responsible of this low cell uptake. Using many different cells and USPIO NPs coated with various polyvinyl alcohols (PVAs), we have previously shown[@b8-ijn-9-3481],[@b12-ijn-9-3481] that USPIO NPs coated with native or carboxyl-modified PVAs were not taken up at high levels by the cells, while amino-PVA-coated or uncoated USPIO NPs were easily and at high levels taken up by the cells, suggesting a determining role for positive charges in the cell uptake of these NPs.

The expression and/or activation state of proteins involved in specific cellular responses of the two human colon cells was also assessed. The surface properties of the USPIO NPs and the level of NP uptake by the cells influenced their metabolic response. We did not observe a modification of cytoskeletal actin in cells exposed to either of the USPIO NPs. PARP is involved in DNA repair and is inactivated by caspase cleavage in apoptosis, and the histone H2AX (γH2AX) is phosphorylated in response to DNA damage.[@b23-ijn-9-3481],[@b24-ijn-9-3481] The GST-π is regulated by the HIF-1α, by a hypoxic stress and the level of cell iron.[@b16-ijn-9-3481],[@b25-ijn-9-3481] Neither of the USPIO NPs modified the PARP, γH2AX, GST-π, or HIF-1α. The transferrin receptor protein-1/CD71, an iron transporter, is downregulated by high concentrations of intracellular iron.[@b26-ijn-9-3481] The transferrin receptor protein-1/CD71 expression slightly decreased in HT29 cells exposed to NS-USPIO NPs, which are internalized at high levels by the cells, but not in cells exposed to OA-USPIO NPs, which are internalized at much lower levels. We have previously shown a comparable effect in human melanoma and endothelial cells using cationic USPIO NPs, which are highly taken up by human cells.[@b27-ijn-9-3481],[@b28-ijn-9-3481] A cell autophagic response to NP exposure will result in the activation of lysosomal proteases and an increase in the expression of the autophagic marker LC3I/II.[@b29-ijn-9-3481] A weak increase of the expression of the lysosomal protease procathepsin D and cathepsin D was observed in CaCo~2~ cells exposed to NS-USPIO NPs, but not to OA-USPIO NPs, suggesting that the level of intracellular iron is responsible for the cathepsin D as well as CD71 responses. We have previously shown in human endothelial cells an autophagic response to the highly internalized cationic amino-PVA-USPIO NPs.[@b28-ijn-9-3481] In human colon cells, we observed an autophagic response to both NS-USPIO NPs and OA-USPIO NPs, not related to the level of cell uptake of the NPs, and interestingly also to free oleic acid in HT29 cells, suggesting a protective response of the cells dependent on the exposure of cells to NPs, but not to the physicochemical characteristics of the NPs. Chaperones, such as the HSP, assist in the non-covalent folding or unfolding of others proteins, and are overexpressed in response to different environmental stress.[@b30-ijn-9-3481] The expression of the mitochondrial chaperone HSP60, the toxic stress-induced chaperone HSP70, and the general protective chaperone HSP90[@b31-ijn-9-3481],[@b32-ijn-9-3481] were evaluated. Neither of the USPIO NPs modified the HSP60 and HSP70 expression or activation state. Only the expression of HSP90 significantly increased in CaCo~2~ cells, but not in HT29 cells, exposed to NS-USPIO NPs and even increased at a higher level in those cells exposed to OA-USPIO NPs. Thus, the cellular response to stress, including changes in cell protein activation or expression, did not seem to depend upon the biophysical characteristics of NS-USPIO NPs and OA-USPIO NPs since these responses were mainly cell-specific. Accordingly, it has been previously demonstrated that cell reaction to NPs may depend on the biological characteristics of the cells used as models, even with cells of the same tissue origin.[@b20-ijn-9-3481] HT29 cells were generally less responsive than CaCo~2~ cells, possibly as a consequence of the different functional characteristics of these cells. The HT29 cells originate from a human colon adenocarcinoma and can differentiate into goblet cells, whereas CaCo~2~ cells, although also derived from a colon carcinoma, differentiate into cells resembling the absorptive enterocytes. Thus, we could demonstrate not only a cell-selective and NP-selective effect of USPIO NPs in the lysosomal, iron transport, and autophagic responses of colon cells, but also a protective stress response mediated by the chaperone HSP90.

Finally, the formation of large lipid vacuoles/droplets (LD) in high number was induced only by the OA-USPIO NPs. They were clearly dependent on the oleic acid as a stabilizer of these NPs, and not on the iron oxide core of the NPs or on free oleic acid. This intrinsic property of the oleic acid as a NP stabilizer may result from a high local concentration of oleic acid and/or the possibility for the NPs to be inserted into cell and cell organelle membranes, modifying the cell lipid metabolism. Thus, even if OA-USPIO NPs were poorly taken up by the cells, the oleic acid coating of USPIO NPs changed the cell response to the otherwise nontoxic NS-USPIO NPs. LDs are cytoplasmic dynamic organelles and are found in most cells,[@b33-ijn-9-3481] either under normal or pathological conditions. Their number and size varies under cell stress conditions. It has been shown that small metallic NPs, in particular cadmium, tellurium, or mercury-based NPs, or long-chain unsaturated fatty acids such as oleic acid can induce the formation of LDs under cellular oxidative stress.[@b34-ijn-9-3481] LDs are motile organelles undergoing microtubule-dependent movements in the cytoplasm and can associate with other cell organelles, including the endoplasmic reticulum. Exposure of murine glial cells to cadmium-telluride (CdTe) or InGaP/ZnS NPs, but also to oleic acid, induced the formation of LDs, some of them located close to lysosomes, possibly playing a protective function in stressed cells and a rescue role for cells exposed to CdTe NPs or controlling the cellular distribution of the InGaP/ZnS NPs.[@b33-ijn-9-3481],[@b35-ijn-9-3481] Oleic-acid-induced lipid accumulation was shown in smooth muscle cells, which became foam cells, a mechanism not limited to macrophages.[@b36-ijn-9-3481] It was shown in human hepatoma cells that both oleic-acid-stabilized and unstabilized USPIO NPs induced cell arrest in the G1 phase, but OA-USPIO NPs induced less cell damage than unstabilized USPIO NPs.[@b37-ijn-9-3481] Unfortunately, in this study, the authors did not quantify the amount of NPs associated with the cells, an important factor to consider according to our previous and present results.

Conclusion
==========

In conclusion, the results presented here show that the biophysicochemical characteristics of USPIO NPs in their media of dispersion can predict some of the cell response to their exposure. Agglomerated NPs will be taken at high levels, inducing an iron-specific response, such as the repression of the iron transporter. Cell protective responses such as autophagy and the induction of the HSP90 chaperone are specific responses of colon cells to the stress of being exposed to NPs, independent of the biophysical characteristics of the USPIO NPs. The cell responses to the exposure to such NPs also depend on the surface properties of the NPs, in particular LDs will form in cells if the coating used to stabilize the USPIO NPs is lipophilic.

Supplementary materials
=======================

###### 

Antibodies and conditions for the Western blot experiments

  Primary antibody (provider)                       Dilution   Buffer (w/v)        Secondary antibody          Dilution
  ------------------------------------------------- ---------- ------------------- --------------------------- ----------
  (Pro-) Cathepsin D (Santa Cruz Biotechnologies)   1:2,000    PBS-T, 1% LF-milk   Anti-rabbit (Promega)       1:5,000
  CD71 (Santa Cruz Biotechnologies)                 1:3,000    PBS-T, 1% LF-milk   Anti-goat (Sigma-Aldrich)   1:5,000
  Cleaved PARP (Cell Signaling)                     1:3,000    PBS-T, 5% LF-milk   Anti-rabbit (Promega)       1:5,000
  GST-π (Assay Designs)                             1:2,000    PBS-T, 1% LF-milk   Anti-rabbit (Promega)       1:5,000
  HIF-1 α (Cell Signaling)                          1:2,000    PBS-T, 1% BSA       Anti-rabbit (Promega)       1:5,000
  HSP-60 (Cell Signaling)                           1:2,000    PBS-T, 1% BSA       Anti-rabbit (Promega)       1:5,000
  HSP-70 (Cell Signaling)                           1:2,000    PBS-T, 1% BSA       Anti-rabbit (Promega)       1:5,000
  HSP-90 (Cell Signaling)                           1:2,000    PBS-T, 1% LF-milk   Anti-rabbit (Promega)       1:5,000
  LC3 (Novus Biologicals)                           1:3,000    PBS-T, 1% LF-milk   Anti-rabbit (Promega)       1:5,000
  Phospho-γH2Ax (Bioconcept)                        1:5,000    PBS-T, 1% BSA       Anti-rabbit (Promega)       1:5,000
  β-actin (Sigma-Aldrich)                           1:8,000    PBS-T, 1% LF-milk   Anti-rabbit (Promega)       1:10,000

**Notes:** Santa Cruz Biotechnologies, Dallas, TX, USA; Cell Signaling Technology, Danvers, MA, USA; Assay Designs, Ann Arbor, MI, USA; Novus Biologicals, Atlanta, GA, USA; BioConcept, Allschwil, Switzerland; Sigma-Aldrich, St Louis, MO, USA; Promega, Madison, WI, USA.

**Abbreviations:** BSA, bovine serum albumin; CD71, transferrin receptor; LF, low fat; GST-π, glutathione S-transferase-π; γH2AX, phospho-histone H2AX; HIF-1α, hypoxia-inducible factor 1-α; HSP, heat shock protein; PARP, poly(ADP-ribose) polymerase; PBS-T, PBS-Triton X-100; w/v, weight/volume.

###### 

Complete characterization of the NS-USPIO NPs and OA-USPIO NPs in unconditioned biological media

                                DI water       FCS            DMEM + FCS                                                  
  ----------------------------- -------------- -------------- -------------- -------------- -------------- -------------- --------------
  **NS-USPIO NPs**                                                                                                        
  NTA size ± SD (nm)            223±81         338±303        287±127        313±156        197±150        131±103        196±172
  NTA PDI                       0.13           0.80           0.19           0.25           0.58           0.61           0.77
  DLS size ± SD (nm)            236.8±2.4      38.7±4.1       64.1±0.16      116.5±11.1     2,415±235      4,189±1009     4,087±1489
  DLS zeta ± SD (mV)            (−68.6±7.8)    (−10.6±0.5)    (−11.1±0.6)    (−11.8±0.8)    (−9.9±0.9)     (−11.6±1.6)    (−2.3±0.4)
  DLS PDI ± SD                  0.22±0.02      0.99±0.02      1±0            1±0            0.47±0.03      0.20±0.20      0.59±0.32
  DLS mobility ± SD (μmcm/Vs)   3.70±0.08      (−0.83±0.04)   (−0.87±0.05)   (−0.92±0.06)   (−0.78±0.07)   (−0.91±0.12)   (−0.18±0.03)
  **OA-USPIO NPs**                                                                                                        
  NTA size ± SD (nm)            119±44         189±72         176±77         192±76         174±91         325±118        81±112
  NTA PDI                       0.13           0.15           0.19           0.15           0.27           0.13           0.38
  DLS size ± SD (nm)            110.0±0.15     94.1±7.0       115.5±6.1      116.4±4.6      1,436±167      2,568±592      2,525±240
  DLS zeta ± SD (mV)            (−48.6±0.6)    (−10.6±0.8)    (−10.8±0.8)    (−11.1±1.0)    (−23.5±1.8)    (−26.7±7.3)    (−24.8±2.3)
  DLS PDI ± SD                  0.17±0.01      0.55±0.09      0.48±0.04      0.47±0.01      0.95±0.06      0.51±0.01      0.71±0.41
  DLS mobility ± SD (μmcm/Vs)   (−3.81±0.05)   (−0.83±0.06)   (−0.85±0.06)   (−0.87±0.07)   (−1.84±0.14)   (−2.09±0.24)   (−1.94±0.18)

**Abbreviations:** DI, deionized water; DLS, dynamic light scattering; DMEM, Dulbecco's Modified Eagle's Medium; FCS, fetal calf serum; NS-USPIO NPs, non-stabilized ultrasmall superparamagnetic iron oxide nanoparticles; NTA, nanoparticle tracking analysis; OA-USPIO NPs, oleic-acid-stabilized ultrasmall superparamagnetic iron oxide nanoparticles; PBS, phosphate-buffered saline; PDI, polydispersity index; SD, standard deviation.

###### 

Complete characterization of the NS-USPIO NPs and OA-USPIO NPs in colon cell-conditioned media

                                CaCo~2~-CM     HT29-CM                                                     
  ----------------------------- -------------- -------------- -------------- -------------- -------------- --------------
  **NS-USPIO NPs**                                                                                         
  NTA size ± SD (nm)            254±103        216±97         244±102        285±103        250±97         265±102
  NTA PDI                       0.16           0.20           0.18           0.14           0.15           0.14
  DLS size ± SD (nm)            142.4±2.0      189.2±1.7      281.7±50.9     132.8±5.2      150.5±0.6      204.2±7.4
  DLS zeta ± SD (mV)            (−10.9±1.0)    (−11.2±0.7)    (−11.5±0.8)    (−11.3±0.9)    (−13.2±0.8)    (−11.6±0.9)
  DLS PDI ± SD                  0.60±0.01      0.50±0.02      0.50±0.10      0.40±0.07      0.26±0.01      0.31±0.04
  DLS mobility ± SD (μmcm/Vs)   (−0.86±0.07)   (−0.88±0.05)   (−0.90±0.06)   (−0.89±0.07)   (−1.03±0.06)   (−0.91±0.07)
  **OA-USPIO NPs**                                                                                         
  NTA size ± SD (nm)            179±783        206±90         200±88         188±78         157±90         195±88
  NTA PDI                       0.19           0.19           0.19           0.19           0.21           0.21
  DLS size ± SD (nm)            98.9±3.9       107.8±5.5      120.2±1.6      95.0±1.6       104.0±20.6     139.2±5.2
  DLS zeta ± SD (mV)            (−12.2±0.7)    (−12.4±1.5)    (−14.0±1.4)    (−12.2±0.4)    (−12.9±1.3)    (−11.8±0.8)
  DLS PDI ± SD                  0.32±0.02      0.29±0.01      0.31±0.06      0.28±0.01      0.24±0.01      0.34±0.01
  DLS mobility ± SD (μmcm/Vs)   (−0.95±0.05)   (−0.97±0.11)   (−1.10±0.11)   (−0.95±0.03)   (−1.01±0.10)   (−0.93±0.06)

**Notes:** Zeta potentials and mobility are indicative only, since the NPs agglomerate in media. Means ± sd of N=3 measurements. FCS: 10% FCS in PBS. DMEM + FCS: 10% FCS in DMEM cell culture medium.

**Abbreviations:** CaCo~2~-CM, culture medium conditioned by CaCo~2~ cells; DLS, dynamic light scattering; DMEM, Dulbecco's Modified Eagle's Medium; FCS, fetal calf serum; HT29-CM, culture medium conditioned by HT29 cells; NS-USPIO NPs, non-stabilized ultrasmall superparamagnetic iron oxide nanoparticles; NTA, nanoparticle tracking analysis; OA-USPIO NPs, oleic-acid-stabilized ultrasmall superparamagnetic iron oxide nanoparticles; PDI, polydispersity index; SD, standard deviation.
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![TEM characterization of the USPIO NPs.\
**Notes:** TEM images of NS-USPIO NPs and OA-USPIO NPs determined in the original solution provided by the provider. Representative TEM images of NS-USPIO NPs (top) at different magnifications (scale bar from left 20, 10, 5 nm) and OA-USPIO NPs (bottom) at different magnifications (scale bar from left 10, 5, 2 nm). For both samples, crystalline structure and wide size distribution are evident.\
**Abbreviations:** NPs, nanoparticles; NS-USPIO NPs, non-stabilized USPIO NPs; OA-USPIO NPs, oleic-acid-stabilized USPIO NPs; TEM, transmission electron microscopy; USPIO, ultrasmall superparamagnetic iron oxide.](ijn-9-3481Fig1){#f1-ijn-9-3481}

![Biophysical characteristics of NS-USPIO NPs and OA-USPIO NPs in dispersion media.\
**Notes:** NTA batch analysis plots of the two types of USPIO NPs and information are provided; all data presented: 50 μg/mL and N=3; red: variance between measurements within the batches analyzed. Data represent batch averaged size/concentration results. Red error bars indicate ±1 standard error of the mean. Detail of sample analyzed in their solutions at pH =7: (**A**): filtered ultrapure deionized water; (**B**): DMEM + 10% FCS; (**C**): DMEM only; (**D**): CaCo~2~-CM; (**E**) HT29-CM.\
**Abbreviations:** CaCo~2~-CM, culture medium conditioned by CaCo~2~ cells; DMEM, Dulbecco's Modified Eagle's Medium; FCS, fetal calf serum; HT29-CM, culture medium conditioned by HT29 cells; NPs, nanoparticles; NS-USPIO NPs, non-stabilized USPIO NPs; NTA, nanoparticle tracking analysis; OA-USPIO NPs, oleic-acid-stabilized USPIO NPs; SD, standard deviation; USPIO, ultrasmall superparamagnetic iron oxide.](ijn-9-3481Fig2){#f2-ijn-9-3481}

![Uptake of NS-USPIO NPs and OA-USPIO NPs by human colon cancer cells.\
**Notes:** Human colon cancer cells were exposed to increasing concentrations of NS-USPIO NPs (**A**) or OA-USPIO NPs (**B**) for 24 hours, then cell-associated iron per well was determined with the Prussian Blue assay. Results are the means ± SD of the triplicate of two independent experiments. ♦: HT29 cells; □: CaCo~2~ cells.\
**Abbreviations:** NPs, nanoparticles; NS-USPIO NPs, non-stabilized USPIO NPs; OA-USPIO NPs, oleic-acid-stabilized USPIO NPs; SD, standard deviation; USPIO, ultrasmall superparamagnetic iron oxide.](ijn-9-3481Fig3){#f3-ijn-9-3481}

![Cytotoxicity of NS-USPIO NPs, OA-USPIO NPs, and free oleic acid for human colon cells.\
**Notes:** (**A**) Cytotoxicity of NS-USPIO NPs and OA-USPIO NPs. CaCo~2~ and HT29 cells were exposed for 24 hours to increasing amounts of NS-USPIO NPs or OA-USPIO NPs, then the cell metabolic activity was determined using an MTT assay. Cytotoxicity is expressed as the percentage of cell survival of exposed cells compared to unexposed cells. Means ± SD were calculated. □: CaCo~2~ cells; ♦: HT29 cells. (**B**) Cytotoxicity of free oleic acid. Human HT29 and CaCo~2~ cells were exposed for 72 hours to increasing concentrations of oleic acid or to the highest concentration (1.75%) of ethanol used to dissolve oleic acid, then an MTT test was performed. Results are expressed as the percentage of cell survival of exposed cells compared to unexposed cells and are the means ± SD of triplicates of two independent experiments. Statistical significance was assessed using a Student's *t*-test.\
**Abbreviations:** MTT, 3-(4,5-dimethyl-2-thiazoyl)-2,5-diphenyltetrazolium bromide; NPs, nanoparticles; NS-USPIO NPs, non-stabilized USPIO NPs; OA-USPIO NPs, oleic-acid-stabilized USPIO NPs; SD, standard deviation; USPIO, ultrasmall superparamagnetic iron oxide.](ijn-9-3481Fig4){#f4-ijn-9-3481}

![Cellular actin in cells exposed to NS-USPIO NPs, OA-USPIO NPs, or free OA.\
**Notes:** CaCo~2~ cells were grown for 48 hours in four-chamber glass slides then either unexposed (**A**) or exposed to NS-USPIO NPs (**B**), OA-USPIO NPs (**C**), or free OA (**D**) for 24 hours. At the end of the treatment, the cell layers were analyzed with Oregon Green 488 Phalloidin to label cytoskeletal actin (green) and DAPI to label nuclei (blue) under a fluorescence microscope. Control: unexposed cells.\
**Abbreviations:** DAPI, 4′,6′-diamidino-2-phenylindole; NPs, nanoparticles; NS-USPIO NPs, non-stabilized USPIO NPs; OA, oleic acid; OA-USPIO NPs, oleic-acid-stabilized USPIO NPs; USPIO, ultrasmall superparamagnetic iron oxide.](ijn-9-3481Fig5){#f5-ijn-9-3481}

![Cellular stress responses to exposure to free OA, NS-USPIO NPs, or OA-USPIO NPs.\
**Notes:** HT29 and CaCo~2~ cells were exposed for 24 hours to either 23 μM free OA, NS-USPIO NPs (50 μg iron/mL), or OA-USPIO NPs (50 μg iron/mL), then the expression of proteins involved in DNA repair, apoptosis, oxidative stress response, lysosomal and autophagic activation (degradative response), iron uptake, or heat shock chaperone induction was analyzed by Western blotting (**A**), then the ratio of the band intensities of each protein to the band intensity of actin was evaluated (**B**).\
**Abbreviations:** CD71, transferrin receptor; cPARP, cleaved poly(ADP-ribose) polymerase; GST-π, glutathione S-transferase-π; γH2AX, phospho-histone H2AX; HIF-1α, hypoxia-inducible factor 1-α; HSP, heat shock protein; NPs, nanoparticles; NS-NPs, NS-USPIO NPs; NS-USPIO NPs, non-stabilized USPIO NPs; NT, non-treated; OA, oleic acid; OA-NPs, OA-USPIO NPs; OA-USPIO NPs, oleic-acid-stabilized USPIO NPs; USPIO, ultrasmall superparamagnetic iron oxide.](ijn-9-3481Fig6){#f6-ijn-9-3481}

![OA-USPIO NPs and NS-USPIO NPs, but not free oleic acid, inhibit lipid synthesis in human colon cells.\
**Notes:** HT29 cells (**A**) or CaCo~2~ cells (**B**) were exposed to NS-USPIO NPs, OA-USPIO NPs (50 μg iron/mL), or free OA (23 μM) for 24 hours, then the synthesis of lipids by the cells was determined by the incorporation of \[^14^C\]sodium acetate (acetate). Results are expressed as percentage of acetate incorporation in exposed cells compared to unexposed cells and are the means ± SD of the triplicate of two independent experiments. Statistical significance was assessed using a Student's *t*-test. \**P*\<0.05; \*\*\**P*\<0.001.\
**Abbreviations:** NPs, nanoparticles; NS-NPs, NS-USPIO NPs; NS-USPIO NPs, non-stabilized USPIO NPs; OA, oleic acid; OA-NPs, OA-USPIO NPs; OA-USPIO NPs, oleic-acid-stabilized USPIO NPs; SD, standard deviation; USPIO, ultrasmall superparamagnetic iron oxide.](ijn-9-3481Fig7){#f7-ijn-9-3481}

![Induction of vacuoles in human colon cancer cells exposed to OA-USPIO NPs or free OA.\
**Notes:** Human HT29 or CaCo~2~ colon cancer cells were either unexposed (control) or exposed to NS-USPIO NPs or OA-USPIO NPs (50 μg iron/mL), or free OA (23 μM) for 24 hours, then TEM images were acquired. Black arrows: iron oxide cores; white arrows: vacuoles.\
**Abbreviations:** NPs, nanoparticles; NS-USPIO NPs, non-stabilized USPIO NPs; OA, oleic acid; OA-USPIO NPs, oleic-acid-stabilized USPIO NPs; USPIO, ultrasmall superparamagnetic iron oxide; TEM, transmission electron microscopy.](ijn-9-3481Fig8){#f8-ijn-9-3481}

![Induction of lipid droplets/vacuoles by free OA or OA-USPIO NPs in human colon cells.\
**Notes:** CaCo~2~ cells or HT29 cells were unexposed (control) or exposed to either free OA (OA, 23 μM) or OA-USPIO NPs (50 μg iron/mL) for 24 hours, then fixed, stained with Oil-Red-O (red) and counterstained with hematoxylin (blue). Bar: 20 μm.\
**Abbreviations:** NPs, nanoparticles; OA, oleic acid; OA-NPs, OA-USPIO NPs; OA-USPIO NPs, oleic-acid-stabilized USPIO NPs; USPIO, ultrasmall superparamagnetic iron oxide.](ijn-9-3481Fig9){#f9-ijn-9-3481}

![Evaluation of the formation of lipid vacuoles/droplets in colon cells.\
**Notes:** (**A**) Human HT29 or CaCo~2~ colon cancer cells were exposed to OA-USPIO NPs (50 μg iron/mL). TEM images were acquired after 0 h, 2 h, 6 h, or 24 h exposure. White arrows: lipid vacuoles; scale bar =2 μm. The white arrows indicate vacuoles/droplets. (**B**) Human HT29 or CaCo~2~ colon cancer cells were unexposed (control) or exposed to OA-USPIO NPs (50 μg iron/mL) or free OA (23 μM) for 6 h or 24 h, then TEM images of the cells (at least 20 cells per treatment) were acquired and the statistical evaluation of the number and diameter of the vacuoles per cell was performed. Statistical significance was assessed using the Wilcoxon--Mann--Whitney test: \*\**P*\<0.01; \*\*\**P*\<0.001. Black bar: median, ○: outliers. Control: cells exposed only to culture medium.\
**Abbreviations:** h, hours; NPs, nanoparticles; OA, oleic acid; OA-NPs, OA-USPIO NPs; OA-USPIO NPs, oleic-acid-stabilized USPIO NPs; USPIO, ultrasmall superparamagnetic iron oxide; TEM, transmission electron microscopy.](ijn-9-3481Fig10){#f10-ijn-9-3481}

###### 

Size characterization by NTA or DLS of the NS-USPIO NPs and OA-USPIO NPs as a function of the concentration in unconditioned biological media

                       DI water    FCS         DMEM + FCS                                         
  -------------------- ----------- ----------- ------------ ------------ ----------- ------------ ------------
  **NS-USPIO NPs**                                                                                
  NTA size ± SD (nm)   223±81      338±303     287±127      313±156      197±150     131±103      196±172
  NTA PDI              0.13        0.80        0.19         0.25         0.58        0.61         0.77
  DLS size ± SD (nm)   236.8±2.4   38.7±4.1    64.1±0.16    116.5±11.1   2,415±235   4,189±1009   4,087±1489
  DLS PDI ± SD         0.22±0.02   0.99±0.02   1±0          1±0          0.47±0.03   0.20±0.20    0.59±0.32
  **OA-USPIO NPs**                                                                                
  NTA size ± SD (nm)   119±44      189±72      176±77       192±76       174±91      325±118      81±112
  NTA PDI              0.13        0.15        0.19         0.15         0.27        0.13         0.38
  DLS size ± SD (nm)   110±0.15    94.1±7.0    115.5±6.1    116.4±4.6    1,436±167   2,568±592    2,525±240
  DLS PDI ± SD         0.17±0.01   0.55±0.09   0.48±0.04    0.47±0.01    0.95±0.06   0.51±0.01    0.71±0.41

**Notes:** Means ± SD of N=3 measurements. FCS: 10% FCS in PBS. DMEM + FCS: 10% FCS in DMEM cell culture medium.

**Abbreviations:** DI, deionized; DLS, dynamic light scattering; DMEM, Dulbecco's Modified Eagle's Medium; FCS, fetal calf serum; NS-USPIO NPs, non-stabilized ultrasmall superparamagnetic iron oxide nanoparticles; NTA, nanoparticle tracking analysis; OA-USPIO NPs, oleic-acid-stabilized ultrasmall superparamagnetic iron oxide nanoparticles; PBS, phosphate-buffered saline; PDI, polydispersity index; SD, standard deviation.

###### 

Size characterization of the NS-USPIO NPs and OA-USPIO NPs as a function of the concentration in colon cell-conditioned media

                       CaCo~2~-CM   HT29-CM                                           
  -------------------- ------------ ----------- ------------ ----------- ------------ -----------
  **NS-USPIO NPs**                                                                    
  NTA size ± SD (nm)   254±103      216±97      244±102      285±103     250±97       265±102
  NTA PDI              0.16         0.20        0.18         0.14        0.15         0.14
  DLS size ± SD (nm)   142.4±2.0    189.2±1.7   281.7±50.9   132.8±5.2   150.5±0.6    204.2±7.4
  DLS PDI ± SD         0.60±0.01    0.50±0.02   0.50±0.10    0.40±0.07   0.26±0.01    0.31±0.04
  **OA-USPIO NPs**                                                                    
  NTA size ± SD (nm)   179±783      206±90      200±88       188±78      157±90       195±88
  NTA PDI              0.19         0.19        0.19         0.19        0.21         0.21
  DLS size ± SD (nm)   98.9±3.9     107.8±5.5   120.2±1.6    95.0±1.6    104.0±20.6   139.2±5.2
  DLS PDI ± SD         0.32±0.02    0.29±0.01   0.31±0.06    0.28±0.01   0.24±0.01    0.34±0.01

**Notes:** Means ± SD of N=3 measurements.

**Abbreviations:** CaCo~2~-CM, culture medium conditioned by CaCo~2~ cells; DLS, dynamic light scattering; HT29-CM, culture medium conditioned by HT29 cells; NS-USPIO NPs, non-stabilized ultrasmall superparamagnetic iron oxide nanoparticles; NTA, nanoparticle tracking analysis; OA-USPIO NPs, oleic-acid-stabilized ultrasmall superparamagnetic iron oxide nanoparticles; PDI, polydispersity index; SD, standard deviation.
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